A single mossy fiber input contains several release sites and is located on the proximal portion of the apical dendrite of CA3 neurons. It is, therefore, well suited to exert a strong inf luence on pyramidal cell excitability. Accordingly, the mossy fiber synapse has been referred to as a detonator or teacher synapse in autoassociative network models of the hippocampus. The very low firing rates of granule cells [Jung, M. W. & McNaughton, B. L. (1993) Hippocampus 3, 165-182], which give rise to the mossy fibers, raise the question of how the mossy fiber synapse temporally integrates synaptic activity. We have therefore addressed the frequency dependence of mossy fiber transmission and compared it to associational͞commissural synapses in the CA3 region of the hippocampus. Paired pulse facilitation had a similar time course, but was 2-fold greater for mossy fiber synapses. Frequency facilitation, during which repetitive stimulation causes a reversible growth in synaptic transmission, was markedly different at the two synapses. At associational͞ commissural synapses facilitation occurred only at frequencies greater than once every 10 s and reached a magnitude of about 125% of control. At mossy fiber synapses, facilitation occurred at frequencies as low as once every 40 s and reached a magnitude of 6-fold. Frequency facilitation was dependent on a rise in intraterminal Ca 2؉ and activation of Ca 2؉ ͞cal-modulin-dependent kinase II, and was greatly reduced at synapses expressing mossy fiber long-term potentiation. These results indicate that the mossy fiber synapse is able to integrate granule cell spiking activity over a broad range of frequencies, and this dynamic range is substantially reduced by long-term potentiation.
One of the most remarkable features of chemically transmitting synapses is their sensitivity to prior activation. This plasticity is postulated to play a fundamental role in behaviors ranging from cortical arousal (e.g., the augmenting response) (1, 2) to learning and memory (3, 4) . At many central nervous system synapses this use dependent modification has both short-and long-term manifestations. On the short time scale low frequency stimulation can result in a reversible increase in the response referred to as frequency facilitation. At the other extreme brief high frequency stimulation can result in a lasting increase in synaptic strength, referred to as long-term potentiation (LTP). In the hippocampus most excitatory synapses show frequency dependent facilitation within stimulus intervals of a few tens to hundreds of milliseconds. Such temporal integration of synaptic activity is believed to play a fundamental role in information processing because it allows the nervous system to be instructed by the temporal pattern of activity of a given input (5) .
How does temporal synaptic integration occur at terminals of neurons that normally fire at extremely low rates, such as hippocampal granule cells? This question was addressed by studying frequency dependent facilitation at mossy fiber synapses, which in striking contrast to the associational͞ commissural (assoc͞com) synapse exhibit temporal integration starting with frequencies as low as 0.025 Hz. We have investigated the mechanism of this short-term plasticity and the consequences that this plasticity might have on information processing in the CA3 region of the hippocampus.
METHODS
Standard procedures were used to prepare hippocampal slices (400-500 m) from 5-to 15-day-old guinea pigs. Slices were maintained at room temperature for at least 1 h in a submerged chamber containing artificial cerebrospinal fluid equilibrated with 95% O 2 and 5% CO 2 and then transferred to a superfusing chamber. The artificial cerebrospinal fluid contained 119 mM NaCl, 2.5 mM KCl, 1 mM NaH 2 PO 4 , 1.3 mM MgSO 4 , 2.5 mM CaCl 2 , 26 mM NaHCO 3 , and 11 mM glucose. For electrophysiological recording, the concentrations of CaCl 2 and MgSO 4 were raised to 4 mM. Whole cell recordings were performed at room temperature in the presence of picrotoxin (100 M). Whole cell recording electrodes were filled with a solution containing 122.5 mM Cs gluconate, 10 mM CsCl, 10 mM Hepes, 10 mM bis(2-aminophenoxy)ethane-N, N, NЈ, NЈ-tetraacetate (BAPTA), 8 mM NaCl, 2 mM MgATP and 0.3 mM Na 3 GTP, pH 7.4. The resistance of the patch pipette ranged between 2 and 4 M⍀. Access resistances ranged between 4 and 10 M⍀ and were not allowed to vary by more than 15% during the course of the experiment. No series resistance compensation was used. N-Methyl-D-aspartate (NMDA) receptor-mediated excitatory postsynaptic currents (EPSCs) were recorded at a holding potential of ϩ30 to ϩ40 mV in the presence of 2,3-hydroxy-6-nitro-7-sulfamoylbenzo-[f]quinoxaline (NBQX) (10 M). ␣-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated EPSCs were recorded at a holding potential of Ϫ60 to Ϫ70 mV in the presence of 100-400 nM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) to avoid epileptiform activity. Two glass electrodes containing 1 M NaCl were placed in the stratum lucidum and stratum radiatum to record evoked mossy fiber and assoc͞com field excitatory postsynaptic potentials (fEPSPs), respectively, in the absence of picrotoxin and NBQX. Bipolar tungsten electrodes were placed in the cell-body layer of the granule cells for mossy fiber stimulation and in the radiatum for assoc͞com stimulation. At the end of all field experiments 20 M CNQX was added to the bath to assess the fiber volley component of the mossy fiber fEPSPs. Data were
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RESULTS
Mossy fiber and assoc͞com synaptic responses differ from each other in a number of striking ways (Fig. 1) . Although both types of synapses show a PPF of similar duration, the magnitude of PPF at mossy fiber synapses was Ϸ2-fold greater (Fig.  1 A) . A second distinguishing feature of mossy fiber responses was their sensitivity to repetitive stimulation. Changing the frequency of stimulation from 0.05-0.2 Hz resulted in a greater than 2-fold reversible increase in the size of the mossy fiber response, but only a 20% increase in the assoc͞com responses (Fig. 1B) . Interestingly, the effect of increasing the stimulus frequency developed slowly over about a 20-s period. Finally, the mossy fiber responses, but not the assoc͞com responses, in the guinea pig are inhibited presynaptically by the metabotropic glutamate receptor agonist L-AP4 ( Fig. 1C ) (7, 8) . In all subsequent experiments L-AP4 was applied to assess the purity of the mossy fiber response and inputs were used only if the inhibition was at least 60% for EPSCs and 80% for field EPSPs.
In addition in many experiments we monitored the mossy fiber NMDA receptor-mediated component of the EPSC in the presence of CNQX, to eliminate the possibility of polysynaptic contamination (6) . The frequency facilitation was not simply an accumulation of the facilitation seen with PPF, because the interpulse intervals that showed frequency facilitation were much greater than the maximal interval required for PPF. Additionally facilitation decays with a time course of 20-40 s, two orders of magnitude larger than the decay of PPF. However, PPF and frequency facilitation did interact ( Fig. 2A) . At the mossy fiber synapse as the frequency at which paired pulses (300-ms interpulse interval) was delivered was increased from 0.05-1 Hz, PPF decreased and at 1 Hz disappeared. Accompanying the loss of PPF was the usual frequency facilitation of the response to the first pulse. The simultaneously monitored assoc͞com synapses were much less sensitive both to the increase in stimulation frequency and the effects that this had on PPF.
At peripheral synapses it has been proposed that Ca 2ϩ is involved in PPF and frequency facilitation (9) . More specifically at mossy fiber synapses, Ca 2ϩ imagining studies have found a correlation with the rise in intraterminal Ca 2ϩ and frequency facilitation (10) . We therefore examined the effects of buffering intraterminal Ca 2ϩ on PPF and frequency facilitation (Fig. 2B) . Application of the membrane-permeant Ca 2ϩ chelator EGTA-AM (200 M), which decreased the size of responses to both inputs by Ϸ40% (at 0.5 Hz), virtually blocked PPF. In addition, the frequency facilitation, at least at Ͻ0.2 Hz, was strongly reduced. At higher frequencies the reduction was less evident, presumably because the large influx of Ca 2ϩ saturated the available buffer. Similar results to those obtained on NMDA receptors EPSCs were also obtained with the AMPA receptor EPSCs (Fig. 3 ). In these experiments the were prevented by including 10 mM BAPTA in the whole cell pipette solution, the effects of EGTA-AM indicate that both processes also require a rise in intraterminal Ca 2ϩ . The long-lasting effect of prior synaptic activation (e.g., Ϸ80 s) suggests that some intermediary biochemical reaction is necessary for Ca 2ϩ to exert its effect on transmitter release.
The Ca 2ϩ ͞calmodulin-dependent kinase II (CaM kinase II) is a ubiquitous Ca 2ϩ activated enzyme, known to be present in the presynaptic terminal. We have therefore examined the effects of the CaM kinase II selective inhibitor KN62 on frequency facilitation. Since the magnitude of the frequency facilitation varied considerably between experiments it was important to obtain control responses before the application of KN62. A single experiment is shown in Fig. 4A , in which the stimulus frequency is increased in a series of steps. KN62 was then applied and the series of frequencies repeated after 60 min. KN62 had no effect on baseline responses evoked at low frequencies, but considerably reduced the responses at higher frequencies. A summary of five experiments (Fig. 4C) shows the percent decrease of the responses at each frequency during KN62. In contrast KN62 in these same experiments had no effect on mossy fiber LTP (Fig. 4D) . It has been proposed that a Ca 2ϩ ͞calmodulin-sensitive adenylyl cyclase is involved in the generation of mossy fiber LTP (11) . It was therefore of interest to determine if an inhibitor of the cAMP cascade also blocked frequency facilitation. We used KT5720, an inhibitor of the catalytic site of protein kinase A that inhibits mossy fiber LTP (11, 12) . As shown in Fig. 4E , KT5720 had no effect on frequency facilitation.
Why is frequency facilitation so much greater at the mossy fiber synapses compared with the assoc͞com synapses? One possibility is that the baseline probability of transmitter release is much lower at mossy fiber synapses and therefore they can show greater increases in transmitter release during repetitive stimulation. If this were the case lowering the probability of release at assoc͞com synapses should permit these synapses to facilitate to the same degree as mossy fiber synapses. We therefore decreased the probability of release by decreasing the Ca 2ϩ ͞Mg 2ϩ ratio from 4 mM͞4 mM to 1 mM͞7 mM. Since it was difficult to record reliable assoc͞com fields in the CA3 region during low levels of release, we examined excitatory synapses in the CA1 region, whose properties are virtually identical to those found at assoc͞com synapses. Decreasing the Ca 2ϩ ͞Mg 2ϩ ratio, greatly reduced the EPSP and resulted in a PPF that, on average (230%), was similar to that observed at mossy fiber synapses. However, despite the marked reduction in release probability, the frequency facilitation was only 55%, Ϸ50% of that seen at mossy fibers (n ϭ 6) (Fig. 5) . Summary graph of frequency facilitation evoked at various stimulation frequencies for mossy fiber and assoc͞com fEPSPs normalized to 0.0125 Hz (n ϭ 5). Note that varying stimulation frequency, even within the range of very low frequencies, induces significant changes in mossy fiber fEPSPs. (C) Summary graph of the difference in frequency facilitation before and during application of KN62 for mossy fibers and assoc͞com fEPSPs (n ϭ 5). A significant reduction in facilitation (P Ͻ 0.02, two-tailed paired Student's t test) was observed for mossy fiber fEPSPs at frequencies higher than 0.1 Hz. KN62 had no significant effect on baseline transmission or the assoc͞com responses. (D) KN62 has no effect on mossy fiber LTP (n ϭ 5). LTP was first induced on a control mossy fiber input in the absence of KN62 by four 1-s tetani at 100 Hz with 20-s intervals in the presence of D-2-amino-5-phosphonovaleric acid (50 M) (E). Sixty minutes after the induction of LTP, KN62 (3.5 M) was bath applied for at least 1 h, and an identical LTP inducing protocol was applied to a second independent mossy fiber pathway (F). The typical decaying phase of mossy fiber LTP is increased due to the elevated concentration of external Ca 2ϩ . (Similar results were obtained in the presence of 2.5 mM external Ca 2ϩ ; n ϭ 2.) (E) Summary graph showing no significant difference in frequency facilitation before and during application of the PKA inhibitor KT5720 for mossy fibers and assoc͞com fEPSPs (n ϭ 5). Although frequency facilitation and mossy fiber LTP appear to use different biochemical signaling pathways, both (6) are thought to be due to an increase in transmitter release. We therefore examined for possible interactions between these two forms of plasticity. As can be seen in the example (Fig. 6A ) and summary graph (Fig. 6B, n ϭ 6 ), the magnitude of the facilitation was markedly reduced after the induction of LTP. In addition the degree of interaction of frequency facilitation with LTP was correlated with the magnitude of LTP (Fig. 6C) . However a complete occlusion of frequency facilitation was never observed, in agreement with the idea that mossy fiber LTP involves a change of both P (see ref. 6 ) and n (see ref. 13 ), while frequency facilitation involves primarily a change in P.
DISCUSSION
Chemical synapses show a wide range of use dependent plasticity. Here we show that PPF and frequency facilitation, two forms of short term synaptic plasticity, differ dramatically at assoc͞com and mossy fibers, which synapse onto the same CA3 pyramidal cells. While the duration of PPF for the two types of synapses (Ϸ0.5 s) was similar, the magnitude of PPF was approximately twice as large at mossy fiber synapses. Assoc͞com synapses were relatively insensitive to the frequency of stimulation, requiring frequencies greater than 0.1 Hz for enhancement to occur. The facilitation reached Ϸ25% at a frequency of 0.3 Hz. In contrast mossy fiber synapses were facilitated at frequencies above 0.0125 Hz and this reached a magnitude of 6-fold at a frequency of 0.3 Hz. Although frequency facilitation occurred at interstimulus intervals at least 10 times the effective intervals for PPF and decay differed by two orders of magnitude, these two forms of plasticity do interact. Thus the size of PPF decreased during frequency facilitation. If PPF is a measure of release probability, then mossy fibers have to be stimulated at 0.2 Hz to release with the same probability as assoc͞com fibers at 0.05 Hz. At 1 Hz PPF was similar for both synapses.
Both PPF and frequency facilitation were greatly reduced in the presence of the membrane-permeant Ca 2ϩ chelator EGTA-AM, indicating that these forms of plasticity are dependent on a rise in intraterminal Ca 2ϩ (10) . Considerable work has been done at other synapses on the role of Ca 2ϩ in short-term plasticity. Although the effect of Ca 2ϩ chelators on facilitation varies (14) (15) (16) , all of these investigators agree that Ca 2ϩ mediates the changes. It has been argued that residual free Ca 2ϩ cannot account for the observed kinetics and that Ca 2ϩ engages some high-affinity intermediary step. Indeed, in the experiments of Regehr et al. (10) the decay of the EPSP amplitude could be correlated to the decay of [Ca 2ϩ ] i if a firstorder reaction kinetic was taken into account. Our observations support such an indirect mechanism, since the CaM kinase II inhibitor KN62 inhibited the facilitation. In strains of Drosophila that express inhibitors of CaM kinase, facilitation at the neuromuscular junction is severely impaired (17) , a finding which agrees with the present results. Our results do not allow us to determine the site of action of CaM kinase II-i.e., if it facilitates release by increasing p or by reducing vesicle depletion at higher frequencies.
The proposal that CaM kinase II mediates frequency facilitation is of particular interest in light of previous results suggesting that a Ca 2ϩ activated adenylyl cyclase is required for mossy fiber LTP (11) . Thus, activity dependent rises in intraterminal Ca 2ϩ can activate two Ca 2ϩ ͞calmodulin-dependent enzymes: CaM kinase II activation resulting in a reversible enhancement and adenylyl cyclase in a persistent enhancement. Since LTP requires higher frequency stimulation it appears that in comparison to frequency facilitation, a higher level of Ca 2ϩ is required for LTP. This differential activation presumably results from different sensitivities of the enzyme to Ca 2ϩ or to different localization relative to presynaptic Ca 2ϩ channels. The observation that frequency facilitation and mossy fiber LTP interact, suggests that, while they utilize distinct kinase pathways, they also share mechanisms. Interestingly, rabphillin that binds to the Rab vesicle proteins, has been shown to have phosphorylation sites both for protein kinase A and for CaM kinase II (18) .
Why is frequency facilitation so different at assoc͞com and mossy fiber synapses? A striking anatomical differences between these two synapse is that mossy fiber boutons have a large number of closely associated active zones (19, 20) . During repetitive stimulation Ca 2ϩ from one active zone could spread to neighboring active zones and enhance the probability of release. Such a mechanism has been proposed for the crayfish neuromuscular junction (21) . Another possibility is that, the lower baseline probability of release at mossy fiber synapses, inferred from the larger PPF, gives a much greater range for increasing release at mossy fiber synapses. However, the frequency facilitation at nonmossy fiber synapses could not be converted to that seen at mossy fiber synapses by decreasing the probability of release. A third possibility is that endogenous Ca 2ϩ buffers may be present at much higher concentrations in the assoc͞com synapses. Thus in the presence of EGTA mossy fiber synapses behave very similar to assoc͞com synapses. A final possibility is that some subset of the proteins involved in transmitter release differ at the two synapses.
To our knowledge, the mossy fiber synapse is the first in the mammalian central nervous system where synaptic integration over such a broad range of frequencies has been observed. This result is particularly interesting when correlated with the recent observation that granule cells typically fire at extremely low rates (22) . In general synaptic integration occurs on the time scale of the membrane time constant of the postsynaptic neuron or via short-term presynaptic mechanisms such as PPF. For this kind of integration to occur, the presynaptic neuron must fire at corresponding frequencies, which are not commonly observed in granule cells. Thus the frequency facilitation of mossy fiber transmission allows processing of temporal information in the relevant range for granule cell activity-i.e., seconds to tens of seconds. Frequency dependent facilitation in this low frequency range will thus increase the signal-tonoise ratio of mossy fiber transmission and influence CA3 network activity according to both spatial and temporal patterns of granule cell activity.
